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Abstract
This paper shows an on-line verification tool
for fuzzy controllers. On-line verification
means the simulation of the software model
of the controller using the real plant in a
closed loop system. The tool is part of a
fuzzy logic system development environ-
ment that permits the inclusion of the tool
into a design flow methodology for fuzzy
systems.
1  Introduction
The growing interest in the use of inference tech-
niques based on fuzzy logic for control problems has
been the main reason for the development of proces-
sing architectures using the fuzzy paradigm [1-4] and
new CAD tools that ease the description, verification,
and automatic synthesis of fuzzy systems [5,6].
The process of fuzzy system verification involves
different techniques for simulating the behavior of the
system under development and analyzing the system
responses under different operational conditions.
Simulation techniques are based on the use of
approximate models for describing system behavior.
These models usually correspond to an algorithmic
abstraction level, so they do not take into account the
constraints imposed by a particular implementation
of the system. Regardless of this limitation, the use of
high level models in the first design stages is particu-
larly important, since it allows a fast exploration of
the design space, in order to select the options to be
considered in further stages of the system implemen-
tation.
In certain applications of fuzzy logic, such as con-
trol applications, it is especially useful to consider the
verification of the fuzzy system under development
(the controller) in conjunction with the system to be
controlled (the plant). There are two general
approaches for achieving this task. The first one
involves the interaction of the fuzzy system model
with a simplified model of the plant. A second, more
realistic, alternative consists of including the actual
plant in the simulation loop for the fuzzy system.
This strategy is referred to in the literature as “hard-
ware in the loop”. It provides a base for the software-
hardware codesign of fuzzy controllers. We will refer
to it in this paper as on-line verification.
This paper describes the on-line verification tool
included into the Xfuzzy design environment. Basi-
cally, this tool provides facilities for connecting a
software implementation of a fuzzy system to its real
operational environment, including its interface cir-
cuits, through a data acquisition board connected on a
standard PC bus. The current version of this tool,
called xflab, is specifically designed for the National
Instrument boards Lab-PC, although it can be easily
adapted for other similar boards by means of its spe-
cific interface library.
2  The Xfuzzy Environment
Xfuzzy is a development environment that eases
the different stages in the design of fuzzy inference
systems [5,6]. The tools integrated into the environ-
ment are based on the XFL specification language [7].
A set of common functions, called the XFL library,
performs the parsing and semantic analysis of XFL
specifications and store them using an abstract syntax
tree. This format is used inside the environment when
handling system descriptions.
Xfuzzy tools run on any Unix compatible operat-
ing system. They can be executed one by one from the
Unix command line, or by means of an X-window
graphical user interface (GUI). This GUI provides
menus with most usual commands and options, such
as handling files, setting up the environment and get-
ting on-line help. Special menus for “design”, “verifi-
cation” and “synthesis” give users access to the set of
specialized tools integrated into the environment.
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The general design flow using Xfuzzy is shown in
Fig. 1. Systems are described in XFL by using any
text editor or the graphical utilities integrated into the
environment. The XFL description of a fuzzy system
consists essentially of three parts: 1) selection of the
fuzzy operations, 2) definition of universes of dis-
course and membership functions (type editor); and
3) specification of the system rulebase (module edi-
tor).
In order to verify the described fuzzy system, the
environment contains tools to simulate the system
behavior and to adjust the knowledge base parame-
ters. System definition can be adjusted with xfbpa, a
supervised learning module able to tune the parame-
ters of XFL definitions of any complexity. Consider-
ing control applications where the fuzzy system is
embedded in a closed loop with a plant, simulation of
the global system can be performed by either using a
plant simulation model written in C language (xfsim),
or by connecting the real plant through a data acquisi-
tion card using the tool described in this paper.
Finally, Xfuzzy offers several tools that ease the
software and hardware implementation of fuzzy sys-
tems. If software synthesis is required, the XFL
description of the fuzzy inference engine can be trans-
lated to C or Java code by means of xfc or xfj, respec-
tively. For hardware synthesis, Xfuzzy provides two
modules enabling the implementation of fuzzy sys-
tems defined in XFL. One of them, xftl, translates an
XFL description into a look-up table that can be
implemented on a Field Programmable Gate Array
(FPGA). The other module, xfvhdl, translates an XFL
specification into a VHDL description based on a spe-
cific architecture. The VHDL code can be further syn-
thesized as an Application Specific Integrated Circuit
(ASIC) or as an FPGA.
3  On-line Verification Tool: Xflab
In complex control problems, the first-approxima-
tion models employed in the simulation stage are not
usually complex enough to describe the plant behav-
ior. As stated previously, a more realistic approach
consists of including the plant itself within the simu-
lation loop, allowing the software-hardware codesign
of the fuzzy controller.
To carry out this on-line verification process the
development environment must provide hardware and
software interfaces that allow the interconnection of
the real plant with a model of the fuzzy controller. For
this purpose, the xflab utility basically consists of a
data acquisition card and drivers to read and write
data (Fig. 2a). Using this tool the plant model used in
standard simulation is replaced by a function that per-
forms the following tasks: (a) it monitors the real
plant (reading the input ports of the data acquisition
board), (b) it sends the system variables to the control-
ler model, and, finally, (c) it writes the control action
to the output ports of the acquisition board.
The features of xflab can be used for other tasks in
addition to the on-line verification of the fuzzy con-
troller. On the one hand, xflab permits the real-time
data acquisition of the evolution of the plant at stages
previous to the design process. This information
could be used afterwards for the learning or simula-
tion procedures. On the other hand, once a hardware
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Fig. 1. Design flow using Xfuzzy.
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implementation of the fuzzy system has been
obtained, xflab allows monitoring the operation of the
whole controller-plant system (Fig. 2b).
The current version of xflab uses the National
Instrument Lab-PC data acquisition boards. These
boards have 8 analog input channels, which can be
configured as 8 single channels or as 4 differential
channels, 24 digital I/O TTL-compatibles lines dis-
tributed in three 8-bit ports, and three general purpose
16-bit timers/counters. Some models include also two
analog outputs.
The software components of xflab basically con-
sist of two elements (Fig. 3). The first one is a library
of drivers (labpc) containing functions, written in C,
for managing the different input and output ports of
the data acquisition board. In order to add support for
a new data acquisition board, a new labpc library
must be supplied by the user.
Fig. 2. On-line verification scheme: a) Software control. b) Process monitoring.
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Fig. 3. Xflab blocks description.
Fig. 4. a) Configuring the data acquisition board.
b) Defining analog and digital signals.
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The second component is a graphical user inter-
face offering a series of windows for configuring the
verification process and controlling its execution.
More precisely, this graphical interface is oriented to
the following tasks:
• Configuring the data acquisition board. The board
is initialized by defining the base I/O address and
the operational mode of the input/output lines (Fig.
4a).
• Defining analog and digital signals. Using the
window shown in Fig. 4b the analog and digital
signals definitions windows are invoked. The def-
inition of a digital signal means enabling it by
specifying its operation mode (input or output),
and optionally defining an identification label
(Fig. 5a). The digital signals can be grouped in
words. The analog input and output signals defini-
tion must be define independently (Fig. 5b). In
both cases it is necessary to define a label for the
signal, the value range, and the unit used for
graphical representations. The analog input
requires a gain factor.
• Connecting the plant and the simulation environ-
ment through the data acquisition board. At this
stage, the channels connecting the plant with the
software model of the inference system are
assigned. When this task is perform by the user,
xflab analyses whether the proposed wiring is
consistent with the signal configuration and the
card resources. Alternatively, xflab can assign
automatically the signal-to-pin connection.
• Configuring the control program. The window
shown in Fig. 6 eases the on-line verification of
fuzzy controllers described using XFL, combin-
ing all the necessary information in a single win-
dow. This information basically consists of the
Fig. 5. Digital (a) and analog (b) signals definition.
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inputs and outputs of the controller, the inputs and
outputs of the plant, the intermediate variables in
use, and the three code sections corresponding to
the processes for initialization, controller input
pre-processing, and controller output post-
processing. With this window it is also possible
to select the options applied when compiling
programs and to start the monitoring facilities
that provide mechanisms for capturing and rep-
resenting execution data.
• Defining the execution parameters. This task con-
sist of selecting the signals to be monitored during
the simulation execution and specifying the
number of iterations and the time spent in each
iteration (Fig. 7).
• Executing the verification. Under the control of
the graphical interface, the verification process is
started. First, the plant is monitored by reading
the input ports of the data acquisition board and
applying the data preprocessing routines (if
required). Afterwards, the data obtained from the
plant are stored into intermediate variables and
provided as inputs to the software module model-
ling the fuzzy system. Finally, the outputs of the
inference engine are postprocessed (by the mech-
anisms specified by the designer) and fed to the
plant through the output lines of the data acquisi-
tion board. This process continues until the end
condition specified by the user is reached. For
each simulation cycle the tool registers and stores
the values of the selected signals. These values
can be graphically represented in real-time (Fig.
8) and stored into a file to process them later.
• Adjusting control parameters. Xflab incorporates
a module for adjusting the parameters used in the
control process. This utility allows to minimize a
predefined cost function by executing the control
loop sweeping the control parameters within its
range.
4  Summary
We have shown an on-line verification scheme in
which a fuzzy controller model interacts with its real
plant. This scheme avoids the need for a plant model
and permits the tuning of the controller parameters.
Fig. 6. Control program configuration.
Fig. 7.  Simulation parameters and monitoring
definition.
The use of this on-line verification scheme has a
series of limitations constraining its use. The main
limitation is imposed by the system response times,
since it must be ensured that the inference speed of the
tool permits the plant operation in real time. Other
constraints are related to the limits introduced by the
interface board itself (limited number and type of
lines, ranges of allowed values at the ports that often
require specific signal conditioning circuits, etc.).
Nevertheless, this kind of system offers a great flexi-
bility, since any modification can be simply accom-
plished by recompiling a program without
redesigning the operational platform.
Finally, although in this paper the on-line verifica-
tion has been considered as a previous stage to the
hardware implementation of a fuzzy system, the sys-
tem emulation provided by xflab may constitute the
final system implementation for certain practical
applications. These are the cases where the complex-
ity of the inference system makes its implementation
on an integrated circuit difficult, or the cases where
the projected number of devices does not justify its
production in silicon.
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Fig. 8. Real-time signal monitoring.
